[1] We report on a rare ultra-low-frequency (ULF) wave generation event associated with the formation of a plasmasphere boundary layer (PBL), which was well observed by one of the THEMIS satellites, TH-D, during subsequent outbound passes. On 13 September 2011, TH-D observed a sharp plasmapause at L = 3.4. The plasmasphere started to expand and continued to be refilled on 14 September. On 15 September, a PBL was formed with two density gradients at L = 4.4 and 6.5, respectively. Within the two density gradients, strong radial magnetic field and azimuthal electric field oscillations were observed, suggesting poloidal ULF waves. Based on the phase delay between magnetic and electric field signals, as well as the comparison between the observed wave frequency and predicted harmonic eigenfrequency, we find that the observed oscillations are second harmonic poloidal waves. Further investigation shows that the observed waves are likely generated by drift-bounce resonance with "bump-on-tail" plasma distributions at~10 keV. We demonstrate that the waves are excited within the PBL where the eigenfrequency is close to the bounce frequency of these hot protons, but not outside the PBL where the eigenfrequency deviates from the bounce frequency. Finally, we suggest that cold plasma density seems to be a controlling factor for ULF wave generation as well, in addition to the bump-on-tail energy source, by altering eigenfrequency of the local field lines.
Introduction
[2] The plasmasphere contains cold plasma extended from the Earth's ionosphere. The plasmapause is identified as a boundary where the density of cold plasma decreases sharply. Based on CRRES observations, however, Moldwin et al. [2002] found that "classic" isolated steep density gradients can be seen in only 16% of the plasmapause crossings. In most cases, instead, significant density structure was observed outside the innermost steep density gradient. The concept "plasmasphere boundary layer" (PBL) was thus suggested by Carpenter and Lemaire [2004] to refer to a plasmapause region with complexity and variable plasma populations.
[3] In a statistical view, a good correlation has been reported between the inner edge of the outer electron radiation belt and the minimum plasmapause location [Li et al., 2006] . This has been explained by the fact that it is difficult to energize electrons inside the plasmapause, where losses still occur due to pitch angle scattering by electromagnetic ion cyclotron waves and plasmaspheric hiss waves. However, the effects of the PBL on the acceleration and loss of radiation belt electrons have not been well understood, mainly because of the lack of information about wave characteristics within the PBL [Moldwin and Zou, 2012] .
[4] The ultra-low-frequency (ULF) waves are the oscillations in the Earth's magnetic field in the frequency range of 1 mHz to 1 Hz. The terms "poloidal" and "toroidal" modes are used for standing Alfvén waves with magnetic field (and plasma bulk motion) oscillations in the radial and azimuthal directions (or the corresponding azimuthal and radial electric field), respectively. For the poloidal mode in the Pc4 (6.7-22 mHz) and Pc5 (1.7-6.7 mHz) bands studied in this paper, several generation mechanisms have been suggested after decades of study, including drift resonance [Southwood, 1976] , drift-bounce resonance [Southwood, 1976; Hughes et al., 1978] , impact of interplanetary shocks [Zong et al., 2009a; Sarris et al., 2010] , Alfvén oscillations with high azimuthal numbers [Kozlov et al., 2006; Leonovich et al., 2008] , and activity in the magnetotail [Cao et al., 2008 .
[5] ULF oscillations can be excited at different harmonics. The second harmonic poloidal oscillation is a frequently observed phenomenon in the inner magnetosphere and has been extensively studied theoretically [e.g., Southwood, 1976; Chen and Hasegawa 1991] and by analyzing spacecraft measurements [e.g., Hughes et al., 1978; Arthur and McPherron, 1981; Singer et al., 1982; Anderson et al., 1990; Takahashi et al., 1990, Takahashi and Anderson, 1992; Baddeley et al., 2004 Baddeley et al., , 2005a . It has been well accepted that second harmonic poloidal waves are generated mainly by the drift-bounce resonance with free energy from a bump-on-tail ion distribution.
[6] In order to identify the harmonic mode of a poloidal oscillation, two methods are usually used based on spacecraft measurements [Singer et al., 1982] . The first method compares the phase difference between radial magnetic field B r (positively outwards) and azimuthal electric field E ϕ (positively eastwards) [Singer et al., 1982; Takahashi et al., 2011] . The phase of E ϕ leads (lags) B r by 90°for even (odd) harmonic mode for the measurements made slightly north of the magnetic equator. Thus, simultaneous measurements of magnetic and electric field can be used to identify the harmonic of a poloidal wave. The second method compares the observed wave frequency with the field line eigenfrequency calculated theoretically. The decoupled transverse wave equations can be solved numerically with a specified magnetic field model and boundary conditions. For example, Cummings et al. [1969] calculated the eigenfrequencies of standing Alfvén waves for different harmonics at geosynchronous orbit with assumptions of dipole magnetic field and perfectly conducting ionospheres. Orr and Matthew [1971] used similar assumptions but expanded the calculation to other L values. More solutions with different assumptions were subsequently published, such as the solutions with considerations of finite ionospheric conductivity [Newton et al., 1978] and realistic magnetic field model [Singer et al., 1981] .
[7] In this paper, we present a rare poloidal ULF wave event that is observed within the PBL region by the THEMIS spacecraft [Angelopoulos, 2008] . The evolution of the PBL is investigated based on observations of three consecutive outbound passes. We find that the observed poloidal oscillations are second harmonic waves generated by drift-bounce resonance. We demonstrate that cold plasma density plays an important role in regulating ULF wave generation by altering field line eigenfrequencies. The remainder of this paper is organized as follows. In section 2, we introduce the orbit of the satellite and the data set used in this study. In section 3, we present the satellite observations. In section 4, we discuss on the observations, followed by our conclusions in section 5.
Orbit and Data Set
[8] The THEMIS mission includes five identical satellites (TH-A through TH-E), launched into near equatorial orbits on 17 February 2007, providing multipoint observations through the inner magnetosphere. Observations used in this study are obtained by one of the inner probes, TH-D, from 13 to 15 September 2011. Figure 1a plots the orbit of TH-D on 15 September 2011 with an apogee of 12 R E and a perigee of 1.5 R E . The probe was outbound in the dayside near the noon sector during this event.
[9] More detailed orbital information is plotted in Figure 1b , including the time series of L value [McIlwain, 1961] , magnetic local time (MLT) and magnetic latitude (MLAT) from top to bottom, respectively. It is shown that, from 15:00 to 17:00 UT, TH-D crossed a region of 3.7 to 6.8 in L shell and 12 to 14 in MLT. The MLAT of TH-D was around 11°during this time period, which suggests that TH-D was situated north of the magnetic equator. This information is critical in interpreting the harmonic mode for in situ measurements of ULF waves, which will be further discussed later.
[10] The measurements used in this study are from the Fluxgate Magnetometer (FGM) [Auster et al., 2009] , the Electric Field Instrument (EFI) [Bonnell et al., 2008] , and the Electrostatic Analyzers (ESA) [McFadden et al., 2008] onboard the THEMIS probes. Magnetic field and electric field data used here have a time resolution of about 3 s, corresponding to the spin period of the spacecraft. This time resolution is sufficient for capturing features of waves with frequencies up to 167 mHz (the Nyquist frequency). EFI provides electric field measurements in the two components in the spin plane of the spacecraft (close to the GSE x-y plane [Angelopoulos, 2008] ). The third (axial) component of electric field can be estimated under the assumption that E · B = 0 [Bonnell et al., 2008] . This technique allows one to transform the electric field from the spacecraft coordinate system into other coordinate systems. If the magnetic field is close to parallel to the spin plane, the error associated with this method grows, leading to a ten-to-one increase in error for angles between the spin plane and the background magnetic field smaller than ∼6°, as estimated by Bonnell et al. [2008] . In our study, the error introduced by this method is negligible because the angle between the spin plane and the background magnetic field is 50-60°for TH-D during this event.
[11] Magnetic and electric field measurements are transformed into the Mean Field Aligned (MFA) coordinate system with three components in the radial (r), azimuthal (ϕ) and parallel (//) directions [e.g., Liu et al., 2009] . In this study, B // is obtained from a 30 min running average of the magnetic field, centered at the data point being processed. The azimuthal direction e φ is determined by e [12] Overview parameters during this event are plotted in Figure 2 . In the first panel, the electron density derived from spacecraft potential measurements is plotted. Spacecraft potential is the result of the balance between photo-ionization on the spacecraft and neutralization by ambient plasma. One can generally derive electron density from spacecraft potential with an uncertainty of a factor of 2 [Pedersen et al., 1998 ]. This precision is sufficient for identifying plasmapause structures and has been used in several studies [e.g., Li et al., 2010] . From Figure 2a , we can see that there are two density drops at L = 4.4 and L = 6.5, respectively, suggesting the presence of a PBL.
[13] The wavelet power spectra of B r , B ϕ , B // , E r , and E ϕ from TH-D are plotted in panels b through f, respectively. Strong narrowband wave power is clearly seen in both the B r and E ϕ components, suggesting the existence of a poloidal ULF wave. The frequency of this wave gradually decreases from 15 to 5 mHz as the spacecraft moves outward in L-shell. These features are similar to the standing Alfvén wave events reported previously [e.g., Sarris et al., 2009; Liu et al., 2011; Hartinger et al., 2011] . The most interesting feature of this event is that the wave appears to exist only within the PBL region, marked by the two red vertical lines in Figure 2 . This suggests that the existence of the ULF wave is likely associated with the observed PBL. The other two probes, TH-A and TH-E, observe similar feature, which confirms that the localization of the observed ULF wave is a spatial effect instead of a temporal effect.
[14] In Figure 2g , omnidirectional energy flux spectra of thermal ions from 1 to 30 keV are plotted, as measured by the ESA instrument. Before 15:45 UT, the instrument seems to be severely contaminated by penetrating high energy electrons, which can saturate the instrument or decrease the signal-to-noise ratio of the measurement as previously discussed by McFadden et al. [2008] . Outside the outer electron radiation belt, we can see that the energy flux of several to 10 keV ions is enhanced after 15:45 UT, suggesting possible bump-on-tail ion distributions, which will be discussed in detail with ion distribution function measurements in the next subsection.
[15] In order to analyze the harmonic mode of this wave, we investigate the phase difference between magnetic and electric field oscillations. In Figure 3 , the 5-15 mHz bandpass-filtered signals of B r and E ϕ from TH-D are plotted for a shorter time range (15 min). By comparing the phase difference between the two components, we find that the phase of E ϕ leads B r by~90°. Note that the satellite was north of the magnetic equator, so it is suggested that this event is an even harmonic standing wave [Takahashi et al., 2011] .
Observation of Bump-on-Tail Distribution
[16] The bump-on-tail ion distribution functions, identified as positive df/dW gradients where f is the ion distribution function and W is particle energy, contain "free energy" that can be fed into a resonant wave mode through inverse Landau damping [e.g., Southwood, 1976] . The energy of the "bump," W bump , is critical for determining resonance frequency. In this subsection, we use measurements of ion distribution functions by the ESA instrument of TH-D to obtain the information of W bump during this event based on the method suggested by Baddeley et al. [2004] . Figures 4a  and 4b show two examples of ion distribution functions calculated from omnidirectional flux measurements at 16:10 and 16:47 UT, respectively. In both figures, we can see the existence of positive df/dW gradient. The maximum and minimum energies of the positive gradient region are referred as W min and W max , as marked by the dashed line in both figures. W bump is subsequently calculated by
[17] Figure 4c shows the results of W bump investigation during this event from 15:00 to 17:00 UT. The observations of ion distribution function are plotted in the first panel. W bump is calculated for the ion distribution functions with positive df/dW gradients between 1 and 15 keV, as shown in the second panel. The smoothed W bump with a running time window of 10 min is plotted in the third panel. In the last panel, we show the comparison between the first and third panels to demonstrate the credibility of our method.
[18] As noted previously, ESA measurements before 15:45 UT are contaminated because of the encounter with the core of outer radiation belt, which leads to a low signalto-noise ratio and prevents our analysis on W bump . After 15:45 UT, W bump value is shown to gradually decrease from 9.5 to 5.6 keV when the satellite travels from L = 5.2 to L = 6.5. The W bump is plotted as a function of L value in Figure 5 for this event, which suggests a relation that can be described by a linear function
with a correlation coefficient of À0.98. The increase in W bump with decreasing L value was also observed by Wilson et al. [2006] with polar measurements. [19] In this subsection, we investigate the formation of the observed PBL by comparing the density profiles of three consecutive outbound passes from 13 to 15 September 2011, as shown in Figure 6 . A moderate storm occurred on 9 September 2011 with a minimum Dst index of À74 nT. During the recovery phase on 13 September, TH-D crossed the plasmapause at L = 3.4, as indicated by a sharp density drop from 1.0 × 10 4 to 40 cm À3 , as shown by the black line in Figure 6 . On 14 September, the plasmasphere started to expand and be refilled. On 15 September, the PBL described in section 3.1 was formed. The previous plasmapause expands to L = 4.4, corresponding to the inner boundary of the PBL. A new density gradient appeared at L = 6.5, corresponding to the outer boundary of the PBL. The electron density inside the PBL gradually decreases from~200 to~70 cm À3 .
Evolution of the PBL

Discussion
On the Harmonic Mode of the Poloidal Wave
[20] As discussed in the Introduction section, there are two techniques which have been widely used to identify the harmonic of a poloidal wave. In this subsection, we examine the harmonic mode of the observed poloidal oscillations based on these two methods.
[21] The first method compares the phase delay between radial magnetic field B r and azimuthal electric field E ϕ . In Figure 3 , it is clearly shown that the phase of E ϕ leads B r by~90°for measurements made slightly north of magnetic equator, suggesting an even harmonic mode.
[22] The second method compares the observed wave frequency with the theoretically calculated eigenfrequency of field lines for different polarization and harmonic. The data used in this analysis are plotted in Figure 7 , with wavelet power spectra of B r in Figure 7a and electron density in Figure 7b , respectively.
[23] The observed wave frequencies are extracted from the wavelet power spectra and plotted as the thick black line in Figure 7c . Here we search for the frequency at maximum power spectral density between 2 and 20 mHz for each time point with a requirement that the power spectra density is greater than 100 (nT) 2 /Hz (corresponding to an amplitude of 1 nT for an oscillation of 10 mHz).
[24] The second harmonic poloidal frequencies are estimated based on the solutions of the decoupled transverse wave equations from previous studies by Cummings et al. [1969] and Orr and Matthew [1971] . Cummings et al. [1969] calculated the eigenfrequencies at geosynchronous orbit for different harmonics with asumptions including dipole magnetic field, cold plasma background, perfect ionospheric conductivity, and n = n eq (LR E /R) γ for the proton density distribution along field line, where n eq is the proton density at magnetic equator of the field line, L is the L shell value, R E is the radius of the Earth, R is the geocentric distance to a point on the field line, and γ is a power law index. Orr and Matthew [1971] expanded the solution for other L values. Based on their results, the eigenfrequency for the second harmonic poloidal mode at a given field line is proportional to 1/(n eq 1/2 L 4 ) if, for a simple estimation, one ignores the difference in the height where E r = E ϕ = 0 above the Earth's surface. We adopt the second harmonic poloidal eigenfrequency of 38 mHz from Cummings et al. [1969] for γ = 4 at geosynchronous orbit calculated with n eq = 1 cm À3 , and subsquently scale it to given L shells and observed electron density assuming all ions are protons. The result is plotted as the blue line in Figure 7c .
[25] From the comparison between the black and blue lines, it is evident that the observed wave frequency agrees well with the second harmonic frequency in the region where the waves are observed. We have tested other possible γ values and have found that, although γ = 4 reaches the best agreement with observations, other γ values also give resonable results; thus, the choice of γ value does not affect our conclusion. We should also note here that although the Figure 6 . Electron density inferred from spacecraft potential versus L shell value during three successive outbound plasmapause crossings from 13 to 15 September 2011. agreement in this paper seems to be resonable, the estimation here is still rough. The biggest uncertainty in our calculation might be due to the assumption that all ions are protons, since the heavy ion populations can increase the ion mass density, decrease the Alfvén velocity, and thus affect the eigenfrequencies. A more accurate calculation should involve modeling considering wave damping by the ionosphere [Newton et al., 1978] , a realistic magnetic field model [Singer et al., 1981] , and using mass density instead of electron density [Takahashi et al., 2004; Denton et al., 2006] .
[26] Overall, the first method suggests that the observed ULF waves are in even harmonic mode. The second method excludes the possibility of the harmonic modes higher than second harmonic. For example, the fourth harmonic mode has an eigenfrequency roughly twice of the eigenfrequency of second harmonic, which does not agree with observations. Thus, based on the above analysis, we confidently conclude that the observed ULF waves in the PBL are second harmonic poloidal oscillations.
On the Generation Mechanism of the Poloidal Wave
[27] The generation mechanism of poloidal ULF waves has been extensively studied. Several mechanisms have been proposed, either from external or internal sources. Poloidal waves generated by an external source usually last for a short time period (several cycles), have low m number, and strong compressional component [e.g., Zong et al., 2009a , Du et al., 2010 , which are quite different from the observation presented in this paper. For internal sources, there are two generation mechanisms that have also been considered. One is the drift resonance [Southwood, 1976] , with inward gradient of ion phase space density. Waves generated by this mechanism are expected to be odd modes, which is not what is observed during this event. The other mechanism is the drift-bounce resonance with bump-on-tail hot ion distribution [Southwood, 1976; Hughes et al., 1978] . Waves generated by this mechanism are in even mode, which is consistent with the observations in this event. This feature, along with the presence of a bump-on-tail ion distribution, suggests that drift-bounce resonance is likely the generation mechanism of the observed second harmonic poloidal wave.
[28] The condition of drift-bounce resonance is described in Southwood [1976] as,
where ω is the wave frequency, ω D is the particle drift frequency, ω B is the particle bounce frequency, m is the azimuthal wave number, and N is an integer (usually ±1). In a dipole field, ω D and ω B can be estimated as [e.g., Roederer, 1970] 
where W is particle energy, q is electric charge of a particle, k 0 is the magnetic moment of Earth's dipole, α is the particle's equatorial pitch angle, and m i is the ion mass. The approximate solutions of equation (2) for |N| = 1 are ω~ω B (low-energy resonance) and mω D~ωB (high-energy resonance) [e.g., Southwood, 1976] . In the following, we assume that the low-energy resonance is relevant to our poloidal wave event. This is the same type of resonance as the "drift-bounce resonance" that Hughes et al. [1978] reported first.
[29] In Figure 7c , we plot the bounce frequencies calculated for the protons with energy of observed W bump , i.e., the energy at the positive slope of the observed bump-on-tail ion distribution. The red and green lines represent the result for particles with 30 and 60°pitch angle, respectively. The bounce frequencies are close to the observed wave frequency, and their trends are similar, which confirms that the observed waves are generated by drift-bounce resonance with |N| = 1.
On the Source of the Hot Ions
[30] In this event, ions in a narrow energy range of~10 keV are observed penetrating deeply into the region of L~3. This type of structure has been referred as nose-like structure and has been extensively studied since it was first observed by Smith and Hoffman [1974] . A statistical study [Vallat et al., 2007] found that nose-like structures appear regardless of geomagnetic activity level and MLT sector. The formation of nose-like structures is suggested to be a result of the drift of particles from the plasma sheet under global-scale electric fields [Zong et al., 2009b; Wang and Zong, 2012] .
[31] Hot ions of nose-like structures can create bumpon-tail ion distributions. Their energies (~10 keV) are preferential for the resonance condition required by driftbounce resonance . Based on polar observations, Baddeley et al. [2004] statistically studied the free energy associated with non-Maxwellian proton distributions in the inner magnetosphere and found that 10 to 40 keV protons contain the highest free energy. Baddeley et al. [2005b] further statistically demonstrated that the particle populations observed during conjugate ionospheric high m wave events have more free energy available than populations extracted at random. In our paper, we show that strong poloidal ULF waves are generated with the presence of nose-like structure, suggesting that noselike structures can impact ULF wave generation by providing energy for the drift-bounce resonance.
On the Effect of the PBL
[32] During magnetic storms, enhanced convection compresses plasmasphere and moves the plasmapause to lower radial distances [e.g., Baker et al., 2004] . After storms, the plasmasphere starts to expand and to be refilled [e.g., Fu et al., 2010] . The inferred plasma density, the wavelet power spectra of B r , and ion energy spectra for the three consecutive outbound orbits from 13 to 15 September 2011 are plotted in Figures 8a-8c . There are two interesting features in this figure. [33] First, it is shown from the wave power spectra that monochromatic ULF pulsations are observed only at certain locations, as shown in Figure 8 . As shown from the ion energy spectra, bump-on-tail distributions are observed for all the three orbits, providing necessary conditions for driftbounce resonance. The drift-bounce resonance should be coupled with local standing Alfvén wave; otherwise, the excited waves would be damped quickly. Standing ULF waves can be observed at the locations where the drift-bounce resonance frequency matches the local eigenfrequency and/or its harmonics. On top of each wave power spectra in Figure 8 , two lines are plotted. The white line represents the eigenfrequency of second harmonic poloidal mode, and the red line represents the bounce frequency of particles with bump energy and 30°pitch angle. Note that the bump energy is different for the three days. We use an estimation of 15.7 keV for 13 and 14 September and use equation (1) for 15 September in the calculation. As clearly shown in Figure 7c and Figure 8 , the second harmonic poloidal oscillations are excited in the region where the eigenfrequency is close to bounce frequency, but not in the region where the eigenfrequency deviates from bounce frequency. Our hypothesis also explains the observations by Singer et al. [1982] , who noticed disappearance of poloidal waves at the region of low plasma density but was not able to conclude whether it was a temporal or spatial effect.
[34] Second, different from the observation on 15 September, the boundaries of wave activity on 13 and 14 September are not associated with density gradients. This suggests that the presence of a sharp density gradient is not a necessary condition for the excitation of the observed poloidal waves.
[35] We further argue that cold plasma density seems to be a controlling factor for ULF wave generation that can regulate the location where the ULF wave can be excited by changing the local field line eigenfrequency to match resonance conditions. The cold plasma density has been considered to vary regularly with geocentric distance or L shell value [e.g., Orr and Matthew, 1971] . In the plasma trough region, the plasma density can be assumed to vary inversely as the fourth power of L, while a smaller power law index is usually assumed inside the plasmasphere. However, in the PBL region, where the cold plasma density can have complicated variations, its effect on regulating ULF wave excitation becomes more important.
Conclusions
[36] A poloidal ULF wave event generated in the PBL has been investigated in this paper. After a moderate storm, the plasmasphere expands and a PBL with two density gradients is formed. Intense poloidal ULF waves are observed inside the PBL region. We have demonstrated that the observed ULF waves are second harmonic poloidal oscillations generated by drift-bounce resonance with bump-on-tail plasma distribution at~10 keV. We have found that the waves are excited only at the locations where the eigenfrequency of second harmonic is close to the bounce frequency, suggesting that cold plasma density seems to control the locations where the ULF waves can be excited by matching the local eigenfrequency of field lines with resonance conditions. The complicated plasma density variations in the PBL can enhance ULF wave generation by changing the eigenfrequency of field lines.
